The studies of pyrolysis of caffeic acid (CA) and its surface complexes is important for the development of technologies of heterogeneous catalytic pyrolysis of plant-and wood-based renewable biomass components. In this work, the structure and thermal transformations of the surface complexes of CA on the surface of nanoceria were investigated using Fourier transform-infrared (FT-IR) spectroscopy, thermogravimetric analysis (TGA) and temperature-programmed desorption mass spectrometry (TPD MS). It was found that CA on the surface of cerium dioxide forms several types of complexes: bidentate carboxylates, monodentate carboxylates and complexes formed as a result of interaction with phenolic hydroxyl groups. This is due to the ability of nanosized cerium dioxide to generate basic hydroxyl groups that can deprotonate phenolic groups to form phenolates on the surface. The main pyrolysis products were identified. The possible ways of forming 3,4-dihydroxyphenylethylene, acetylene carboxylic acid, pyrocatechol and phenol from surface complexes of CA were suggested. It was established that on the nanoceria surface effectively occur the decarboxylation, decarbonylation, and dehydration reactions of the CA, which are the desirable processes in biomass conversion technologies.
Introduction
In the last few years, CeO 2 -based materials have attracted much attention due to their wide use in various catalytic systems [1] [2] [3] [4] [5] [6] . The success of ceria and ceria-based materials in catalysis is often due to facile Ce 4+ /Ce 3+ redox cycling without disruption of the fluorite lattice structure [6] . At the same time the redox and acid-base properties of ceria, either alone or in the presence of transition metals, are important parameters that allow activation of complex organic molecules and selective orientation of their transformation [5] . These characteristics of cerium dioxide indicate the promise of its use as a catalyst for the development of green technologies of heterogeneous pyrolysis of biomass, which today is considered the most attractive renewable raw material for the production of bio-based chemicals.
In addition, the Ce 3+ /Ce 4+ redox couple on the nanoparticle surface provides biological activity of cerium oxide nanoparticles [7] . Their action mechanism is similar to that of natural metalloenzymes
Materials and Methods
Nanoceria was obtained from Alfa Aesar (99.5%, S Ar = 71 m 2 /g, average size of the primary particles d ≈ 15-30 nm) . Prior to the adsorption of CA the powder was calcined at 500 • C in air for 2 h to remove adsorbed organic matters. Caffeic acid (≥98%) was supplied by Sigma-Aldrich.
The samples of the nanosized CeO 2 were impregnated with CA. A series of samples was obtained (CA/CeO 2 ). The concentration of loaded CA in the samples obtained was 0.1, 0.3, 0.6, 0.9, 1.2 mmol/g. Samples were prepared by mixing 1 g of CeO 2 with 20 mL of CA solution in ethanol (96%) with an Colloids Interfaces 2019, 3, 34 3 of 14 appropriate concentration. The suspensions were stirred for several minutes and then dried at room temperature in air.
A sample CA/CeO 2 (0.3 mmol/g) was used for desorption. To 50 mg of the test sample was added 5 mL of ethanol (96%). The suspension was maintained for 2 h at room temperature (20 • C) periodically shaking. The solid phase was separated from the solution by filtration and then was dried at room temperature in air.
FT-IR spectra at different temperatures were recorded on a Thermo Nicolet Nexus Fourier-transform infrared spectrometer in the 400-4000 cm −1 range, working in "Nexus Smart Collector" mode with a resolution of 4 cm −1 . The powdered samples of CA/CeO 2 and pure CeO 2 were mixed with freshly calcined and milled KBr (10:100). Pure CA was mixed with KBr in a ratio of 1:100. KBr was precalcined at 500 • C for 2 h.
Temperature-programmed desorption mass spectrometry experiments were carried out with ionization MKh-7304A monopole mass spectrometer (Sumy, Ukraine) that was adapted for measurements [35, 36] . About 20 mg of samples were used for each run. At the beginning of the measurements all samples were degassed to ca. 5 × 10 −5 at temperature 20 • C after which they were heated to a temperature 750 • C. The heating rate was 0.17
Thermogravimetric analysis, differential thermogravimetric analysis (DTG) and differential thermal analysis (DTA) were performed using a TGA/DTA analyzer (Q-1500D, Hungaria). A typical sample mass of 100 mg was heated from room temperature to 1000 • C at a heating rate of 10 • C/min in an air atmosphere.
Results and Discussion

Fourier Transform-Infrared (FT-IR) Spectroscopy of Caffeic Acid (CA) Surface Complexes
The IR-spectra of the samples studied are shown in Figure 1 . It is evident ( Figure 1, Table 1 ), that the absorption at 1645 cm −1 disappears for samples of CA/CeO 2 with a lower concentration of CA, while this band appears at lower frequencies (1645-1632 cm −1 ). Literature data on the assignment of the absorption at 1645 cm −1 for CA [39, [41] [42] [43] [44] differ. It was attributed [43] to the stretching vibrations of the double bonds C=C. However, most researchers attribute this band to νC=O [39, 41, 42, 44] .
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Results and Discussion
Fourier Transform-Infrared (FT-IR) Spectroscopy of Caffeic Acid (CA) Surface Complexes
The IR-spectra of the samples studied are shown in Figure 1 . It is evident ( Figure 1, Table 1 ), that the absorption at 1645 cm −1 disappears for samples of CA/CeO2 with a lower concentration of CA, while this band appears at lower frequencies (1645-1632 cm −1 ). Literature data on the assignment of the absorption at 1645 cm −1 for СА [39, [41] [42] [43] [44] differ. It was attributed [43] to the stretching vibrations of the double bonds C=C. However, most researchers attribute this band to νС=O [39, 41, 42, 44] . On the example of cinnamic and p-coumaric acids, for which νС=С is observed at ~1630 cm -1 [45, 46] and 1628 cm −1 [47] respectively, it can be seen that the conjugation with aromatic substituents causes the shift of νC=C towards lower frequencies. Obviously, the presence of an ortho-dihydroxyl group in the molecule of the CА should lead to an even greater shift νС=С towards lower frequencies. In addition, the conjugation between p-electron systems of double bonds is one example On the example of cinnamic and p-coumaric acids, for which νC=C is observed at 1630 cm −1 [45, 46] and 1628 cm −1 [47] respectively, it can be seen that the conjugation with aromatic substituents causes the shift of νC=C towards lower frequencies. Obviously, the presence of an ortho-dihydroxyl group in the molecule of the CA should lead to an even greater shift νC=C towards lower frequencies. In addition, the conjugation between p-electron systems of double bonds is one example of mesomeric effect [48] . In particular, the conjugation of the double carbonyl bond from the bonding C=C leads to a reduction of both frequencies, which is explained by the formation of a resonance hybrids: >C=C(H)-C=O↔>C + -C(H)=C-O − . Reducing the multiplicity of the carbonyl group leads to a decrease in the frequency C=O, and an increase in the polarity of the bond C=C contributes to the increase of intensity [48] . Therefore, the assignment of adsorptions at 1645 cm −1 to νC=O stretching vibrations of the dimer of CA is more plausible.
An additional confirmation of the attribution of this band to νC=O is its disappearance for low concentrations (0.1 mmol/g) of CA on the surface due to the formation of surface carboxylates, which are clearly identified due to the presence of the ν as COO − band at about 1489 cm −1 already at the lowest concentrations on the surface (0.1 mmol/g).
Thus, the disappearance of the vibrations at 1645 cm −1 (νC=O) is due to the involvement of the carboxyl group in bonding to the surface of CeO 2 . This band shifts and appears in the region 1630-1640 cm −1 at higher loading of CA, and may belong to the vibrations corresponding to νC=O of acid molecules that form weakly monodentate bonded carboxylate complexes on the surface of CeO 2 .
On the other hand, in some studies [48, 49] , this absorption at 1635-1638 cm −1 is attributed to the vibrations of C=C in the spectra of ferulic and p-coumaric acids that form carboxylate complexes with metals. But such types of attribution cannot explain the disappearance of the vibrations at 1645 cm −1 in the cause of carboxylates formation, and the band of νC=C should exist in the spectra. And indeed, at a concentration of 0.6 mmol/g, there are two bands at 1620 and 1638 cm −1 , which can be clearly attributed to νC=C and νC=O vibrations, respectively.
It can be seen that in the spectra of CA/CeO 2 new absorption bands appear in the region 1410-1417 cm −1 and about 1489 and 1520 cm −1 , which, in our opinion, can be related to ν s COO − and ν as COO − [45, 46] , respectively (Table 1) . At the same time the band of δOH for the carboxyl group, which is observed for pure acid at 903 cm −1 [39, 45] , disappears (Figure 1b) . The given data indicate the formation of carboxylate complexes of CA on the surface of cerium dioxide.
In addition, some semi-quantitative estimates can be made of the number of basic active sites on the surface of a nanoceria. Based on the IR data that the band at 901 cm −1 appears only starting from the coating of 0.9 mmol/g, acid dimers are also fixed only starting from the same concentrations, it can be argued that there are about ≤0.6 mmol/g or ≤8.45 µmol/m 2 of basic active sites.
The interaction between the metal atom and the carboxyl group can be attributed to four types: bidentate chelate or bidentate bridge coordination, monodentate coordination and ionic interaction [50, 51] . For bidentate chelate structures the difference between ν as COO − and ν s COO − (∆=ν as COO − − ν s COO − ) is less than 110 cm −1 , for bidentate bridges structures ∆ ≈ 140-190 cm −1 , while monodentate structures and non-dissociated acids are characterized by the highest values of ∆ (∆ = νC=O-νC-O~200-320 cm −1 ) [51] .
Thus, on the surface of cerium dioxide two types of bidentate carboxylate complexes can be distinguished: bidentate chelate (∆ = 1489-1417 cm −1 = 72 cm −1 ) and bidentate bridge (∆ = 1520-1410 cm −1 = 110 cm −1 ) (Scheme 1a,b). At the same time, the presence of monodentate carboxylate complexes is not excluded (∆ = 1630-1398 cm −1 = 230 cm −1 ) (Scheme 1c).
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The interaction between the metal atom and the carboxyl group can be attributed to four types: bidentate chelate or bidentate bridge coordination, monodentate coordination and ionic interaction [50, 51] . For bidentate chelate structures the difference between νasCOO − and νsCOO − (Δ=νasCOO − -νsCOO − ) is less than 110 cm −1 , for bidentate bridges structures Δ ≈ 140-190 cm −1 , while monodentate structures and non-dissociated acids are characterized by the highest values of Δ (Δ = νC=O-νC-O ~200-320 cm −1 ) [51] .
Thus, on the surface of cerium dioxide two types of bidentate carboxylate complexes can be distinguished: bidentate chelate (Δ = 1489-1417 cm −1 = 72 cm −1 ) and bidentate bridge (Δ = 1520-1410 cm −1 = 110 cm −1 ) (Scheme 1a,b). At the same time, the presence of monodentate carboxylate complexes is not excluded (Δ = 1630-1398 cm −1 = 230 cm −1 ) (Scheme 1c). At higher concentrations of CА (≥0.9 mmol/g), acid associates appear on the surface of CeO2, resulting in vibrations of C=O (1645 cm −1 ) again in the spectra of these samples. Absorption in the At higher concentrations of CA (≥0.9 mmol/g), acid associates appear on the surface of CeO 2 , resulting in vibrations of C=O (1645 cm −1 ) again in the spectra of these samples. Absorption in the region of 2500-2700 cm −1 in the spectra of samples of CA/CeO 2 (0.9-1.2 mmol/g) shows the presence of carboxylic acid associates [46] (Figure 1c) .
From Figure 1 it is evident, that all the spectra of CA/CeO 2 contain new bands of medium intensity at~1200,~1168 cm −1 , while νCO (1219 cm −1 ) [41, 42, 52] and βOH (1176 cm -1 [52, 53] , 1300-1400 cm -1 [52, 54, 55] ) are shown only for high concentrations of CA (0.9 and 1.2 mmol/g). For a sample with a concentration of CA 0.6 mmol/g, an additional maximum at 1230 cm −1 appears. It should be added that in the region 1300-1400 cm −1 vibrations of C-O-H as a carboxyl group and a phenolic substituent may be observed [41, 42, 45, 46, 54] . Therefore, the overlap of these bands in the mentioned part of the spectrum is very likely.
Similar changes in the IR spectra are observed at the adsorption of phenol on γ-Al 2 O 3 and the formation of phenolates on this surface [52, 53] . In particular, the infrared spectra of phenol indicate there is a broad band of absorption at 1255-1285 cm −1 with two maxima at 1255 and 1284 cm −1 , whereas βOH bands (1176 and 1310 cm −1 ) disappeared [52] . At the same time, it is known [54] that the formation of a hydrogen bond can also lead to a shift in the absorption bands of C-O-H for phenols in the high-frequency region.
Thus, the character of the obtained spectra can indicate the presence on the surface of CeO 2 as chemisorbed complexes of CA, which are formed as a result of the interaction of its phenol hydroxyl group with the surface of oxide (Scheme 1d,e), and weak hydrogen-bound complexes. The possibility of such interactions of CA with surfaces of SiO 2 and Ag was shown in [37, 56] , respectively. In this case it cannot be excluded that the hydrogen bond can be formed by the participation of both phenol hydroxyl groups [37] .
From Figure 1 it can be seen that after the desorption, the IR spectrum of the sample (0.6 mmol/g) became very similar to the CA/CeO 2 spectrum with a concentration of CA 0.3 mmol/g. Reducing the intensity of all bands is due to the removal of a part of CA from the surface. However, in the spectrum, there are signs of both carboxylate complexes and complexes that are formed with the participation of the phenolic ligand. This may indicate the strength of the formed bonds.
Thermal Transformations of CA on the Nanoceria Surface
The changes in the IR spectrum of CA/CeO 2 (0.6 mmol/g) that occur during heating can be traced in Figure 2 . The decrease in the intensity of the bands νCOO − at~1410 cm −1 , and at~1489 cm −1 , which is due to the destruction of bidentate carboxylate complexes of CA on the surface of oxide (Scheme 1a,b), occurs to 470 • C. The band νC=O (1635 cm −1 ), referring to monodentate carboxylate complexes (Scheme 1c), disappears at a lower temperature (~320 • C). The hydrogen-bonded associates of CA which are observed in the spectra of CeO 2 ( Figure 2 ) about 1687 cm −1 in the form of a shoulder, are destroyed at a temperature of 260 • C. Absorption at 1168 cm −1 , which in our opinion is a sign of the formation of complexes with the participation of an aromatic ligand, are seen in spectra up to a temperature of 320 • C. At a temperature of about 170 • C, new low-intensity bands appear at 1666 cm −1 and 1732 cm −1 . Vibrations at 1666 cm −1 can indicate the formation of 1,2-quinones. The absorption bands of the carbonyl group of these molecules are at 1681 and 1661 cm −1 [57] . The first of these bands has a low intensity. It is known [57, 58] that 1,2-quinone can be obtained by oxidation of pyrocatechol, and Ce +4 can serve as a catalyst for such a reaction [57] .
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Obviously, on the surface of CeO2, 1,2-quinones are formed during heating via the thermal transformation of CA phenolate complexes with the participation of air oxygen.
The 1732 cm −1 band, in our opinion, arises in the spectrum as a result of the conversion of quinone to muconic acid and/or to products of deeper oxidation like glyoxal acid [57, 58] . Dai and al. [59] , an increase in the relative intensity of the absorption band of about 1712 cm −1 in the heating process of the raw and torrefied lignin was associated with an increase in the number of unconjugated forms of C=O groups due to thermal dehydration. According to [45, 54] , the absorption band νС=О of α,β-unsaturated carboxylic acids is ~1720 cm −1 . Then, for dimers cis,cis-muconic acid νC=O is 1680-1689 cm −1 [58, 60] . Сis,cis-muconic acid can be produced via the oxidative 1,2-cleavage of catechol, a central intermediate in degradation of aromatic compounds in many aromatic-catabolizing microbes [61] .
Thus, CA complexes bound to the surface of CeO2 via an aromatic ligand, when heated in the air, may be transformed into 1,2-quinone and cis,cis-muconic acid. Therefore, the absorption bands of the aromatic ring, which for CA/CeO2 (0.6 mmol/g) are at 1601, 1523, 1440 cm −1 , become invisible in IR spectra above 230 °C. TGA/DTG/DTA characterisation test results of CA/CeO2 pyrolysis are shown in Figure 3a . Thermogravimetric analysis revealed that this sample is thermally degraded in two main steps. The Obviously, on the surface of CeO 2 , 1,2-quinones are formed during heating via the thermal transformation of CA phenolate complexes with the participation of air oxygen.
The 1732 cm −1 band, in our opinion, arises in the spectrum as a result of the conversion of quinone to muconic acid and/or to products of deeper oxidation like glyoxal acid [57, 58] . Dai and al. [59] , an increase in the relative intensity of the absorption band of about 1712 cm −1 in the heating process of the raw and torrefied lignin was associated with an increase in the number of unconjugated forms of C=O groups due to thermal dehydration. According to [45, 54] , the absorption band νC=O of α,β-unsaturated carboxylic acids is~1720 cm −1 . Then, for dimers cis,cis-muconic acid νC=O is 1680-1689 cm −1 [58, 60] . Cis,cis-muconic acid can be produced via the oxidative 1,2-cleavage of catechol, a central intermediate in degradation of aromatic compounds in many aromatic-catabolizing microbes [61] .
Thus, CA complexes bound to the surface of CeO 2 via an aromatic ligand, when heated in the air, may be transformed into 1,2-quinone and cis,cis-muconic acid. Therefore, the absorption bands of the aromatic ring, which for CA/CeO 2 (0.6 mmol/g) are at 1601, 1523, 1440 cm −1 , become invisible in IR spectra above 230 • C.
TGA/DTG/DTA characterisation test results of CA/CeO 2 pyrolysis are shown in Figure 3a . Thermogravimetric analysis revealed that this sample is thermally degraded in two main steps. The first step proceeds in the range from room temperature to 200 • C. The DTG profile showed the maximum weight loss rate at 260 • C for the second stage. The yields for TGA pyrolysis of CA/CeO 2 sample showed that 91.3% of the CA was volatilized and 8.7% was converted to char on the surface (Table 2) . Differential thermal analysis indicated that the first and second stages of the decomposition are exothermic. Pyrolytic methods analysis is powerful instruments for using in the field of conversion of renewable biomass components. It is used successfully to studying polymeric compound [59, 62, 63] like lignin and their structure units like cinnamic acids [35] [36] [37] .
From TPD and pressure measured as a function of temperature (P-T) curves analysis ( Figure  3b,c) it can be seen that the thermal desorption of volatile pyrolysis products occurs in different temperature ranges. Namely, decomposition of CА occurs in five main stages: Tmax ≈ 60, 120, 160, 370, 550 °С in contrast to thermal-oxidative TGA pyrolysis in the air, for which two main stages were observed. Analysis of the mass spectra of volatile pyrolysis products in the investigated temperature range and TPD curves of the main products of thermal transformations on the CeO2 surface ( Figures  3 and 4) showed that the main processes that form the peaks on the P=f(T) curve are decarboxylation, decarbonylation, and dehydration.
The TPD curve for m/z 44 has a complex shape due to the thermal transformation of various types of surface complexes. And it is probably formed due to the superposition of the peaks of Pyrolytic methods analysis is powerful instruments for using in the field of conversion of renewable biomass components. It is used successfully to studying polymeric compound [59, 62, 63] like lignin and their structure units like cinnamic acids [35] [36] [37] .
From TPD and pressure measured as a function of temperature (P-T) curves analysis (Figure 3b ,c) it can be seen that the thermal desorption of volatile pyrolysis products occurs in different temperature ranges. Namely, decomposition of CA occurs in five main stages: T max ≈ 60, 120, 160, 370, 550 • C in contrast to thermal-oxidative TGA pyrolysis in the air, for which two main stages were observed.
Analysis of the mass spectra of volatile pyrolysis products in the investigated temperature range and TPD curves of the main products of thermal transformations on the CeO 2 surface (Figures 3 and 4) showed that the main processes that form the peaks on the P=f(T) curve are decarboxylation, decarbonylation, and dehydration.
individual processes, such as shown by decomposing the total curve into separate Gaussians (R 2 = 0.9973) (Figure 3d) . Decarboxylation of CА on the surface of CeO2 begins almost at room temperature (Figure 3b) . At temperatures above 100 °C, in the mass spectra of volatile pyrolysis products, an ion of 3,4-dihydroxy-phenylethylene (m/z 136) appears. Its desorption is observed in a wide temperature range (110-550 °C) (Figure 4a) . It is known that pure caffeic acid decomposes with release CO2 and 3,4-dihydroxy-phenylethylene at a temperature about Tmax = 156 °C [38] .
The formation of 3,4-dihydroxy-phenylethylene in the same temperature interval as for a condensed state is due to the decomposition of the CA associates, the presence of which was confirmed by data of FT-IR spectroscopy (Figure 1c) . Release of 3,4-dihydroxy-phenylethylene at higher temperatures is probably due to the thermal transformations of various types of surface complexes that are bound to the surface through a carboxyl group: monodentate and bidentate (Scheme 2). From previous studies [37] it is known that the formation of 3,4-dihydroxy-phenylethylene on the surface of silica was due to the transformation of complexes bound via -COOH. The TPD curve for m/z 44 has a complex shape due to the thermal transformation of various types of surface complexes. And it is probably formed due to the superposition of the peaks of individual processes, such as shown by decomposing the total curve into separate Gaussians (R 2 = 0.9973) (Figure 3d ). Decarboxylation of CA on the surface of CeO 2 begins almost at room temperature (Figure 3b) . At temperatures above 100 • C, in the mass spectra of volatile pyrolysis products, an ion of 3,4-dihydroxy-phenylethylene (m/z 136) appears. Its desorption is observed in a wide temperature range (110-550 • C) (Figure 4a ). It is known that pure caffeic acid decomposes with release CO 2 and 3,4-dihydroxy-phenylethylene at a temperature about T max = 156 • C [38] .
The formation of 3,4-dihydroxy-phenylethylene in the same temperature interval as for a condensed state is due to the decomposition of the CA associates, the presence of which was confirmed by data of FT-IR spectroscopy (Figure 1c) .
Release of 3,4-dihydroxy-phenylethylene at higher temperatures is probably due to the thermal transformations of various types of surface complexes that are bound to the surface through a carboxyl group: monodentate and bidentate (Scheme 2). From previous studies [37] it is known that the formation of 3,4-dihydroxy-phenylethylene on the surface of silica was due to the transformation of complexes bound via -COOH. In contrast to the thermal transformations of the CА on the surface of SiO2 and in the condensed state, the decomposition of CА on the nanoceria surface is accompanied by desorption of pyrocatechol (Mr = 110 Da, m/z 110, Tmax ≈ 260 °C) and hydroxybenzene (Mr = 94 Da, m/z 94, Tmax ≈ 390 °C) (Figure 3) . In our opinion, the formation of these products is due to the basic nature of the surface of cerium dioxide and its ability to generate basic hydroxyl groups. The latter deprotonate phenols and cause the formation of phenolates, the presence of which on the surface is confirmed by the FT-IR data (Table 1, Figure 1a) .
Release of pyrocatechol is observed at a lower temperature, around ~150 °С (Tmax ~ 260 °C), than the release of hydroxybenzene (Tmax = 390 °C) (Figure 4a) . Therefore, it is likely that pyrocatechol is formed as a result of the transformation of the complex, which is bound to the surface by a weaker bond with the participation of only one phenol group (Scheme 3). In this case, its formation occurs synchronously with the desorption of acetylene carboxylic acid (prop-2-ynoic acid, Mr = 70 Da, m/z 70, Tmax ≈ 240 °C).
Scheme 3. Thermal transformation of phenolate CA with the formation of pyrocatechol and acetylenecarboxylic acid. In contrast to the thermal transformations of the CA on the surface of SiO 2 and in the condensed state, the decomposition of CA on the nanoceria surface is accompanied by desorption of pyrocatechol (Mr = 110 Da, m/z 110, T max ≈ 260 • C) and hydroxybenzene (Mr = 94 Da, m/z 94, T max ≈ 390 • C) ( Figure 3 ). In our opinion, the formation of these products is due to the basic nature of the surface of cerium dioxide and its ability to generate basic hydroxyl groups. The latter deprotonate phenols and cause the formation of phenolates, the presence of which on the surface is confirmed by the FT-IR data (Table 1, Figure 1a) .
Release of pyrocatechol is observed at a lower temperature, around~150 • C (T max~2 60 • C), than the release of hydroxybenzene (T max = 390 • C) (Figure 4a ). Therefore, it is likely that pyrocatechol is formed as a result of the transformation of the complex, which is bound to the surface by a weaker bond with the participation of only one phenol group (Scheme 3). In this case, its formation occurs synchronously with the desorption of acetylene carboxylic acid (prop-2-ynoic acid, Mr = 70 Da, m/z 70, T max ≈ 240 • C).
Release of pyrocatechol is observed at a lower temperature, around ~150 °С (Tmax ~ 260 °C), than the release of hydroxybenzene (Tmax = 390 °C) (Figure 4a) . Therefore, it is likely that pyrocatechol is formed as a result of the transformation of the complex, which is bound to the surface by a weaker bond with the participation of only one phenol group (Scheme 3). In this case, its formation occurs synchronously with the desorption of acetylene carboxylic acid (prop-2-ynoic acid, Mr = 70 Da, m/z 70, Tmax ≈ 240 °C). Formation of hydroxybenzene may occur due to thermal transformations of the surface complex formed on the surface with the participation of the ortho-dihydroxy groups (Scheme 4). The kinetic parameters of the reaction of formation of phenol using the Arrhenius method are calculated: the order of reaction (n = 1), temperature of the maximum desorption rate (T max = 390 • C), activation energy (E = = 123 kJ/mol), and the pre-exponential factor (ν 0 = 1.57 × 10 7 s −1 ). The calculation procedure is described in detail in [31, [64] [65] [66] . Formation of hydroxybenzene may occur due to thermal transformations of the surface complex formed on the surface with the participation of the ortho-dihydroxy groups (Scheme 4). The kinetic parameters of the reaction of formation of phenol using the Arrhenius method are calculated: the order of reaction (n = 1), temperature of the maximum desorption rate (Tmax = 390 °C), activation energy (E ≠ = 123 kJ/mol), and the pre-exponential factor (ν0 = 1.57 × 10 7 s −1 ). The calculation procedure is described in detail in [31, [64] [65] [66] . It is probable that the surface of the nanoceria acquires reducing properties as a result of pyrolytic reactions in the absence of oxygen; this confirms the fact of desorption of molecular hydrogen (m/z 3 (H3 + ), Tmax ≈ 540 °C) at temperatures above 400 °C (Figure 3c) . As a result, the pyrocatechol complex is reduced to form and desorb phenol in molecular form (Scheme 4, Figure  4b ). Under the conditions of the TGA experiment, this complex decomposes at a lower temperature as a result of the formation of 1,2-ortho-quinone, as evidenced by the appearance of the corresponding absorption band νC=O at 1666 cm −1 at temperatures above 170 °C (Scheme 4, Figure 2 ). It is known [57] that further deeper oxidation of 1,2-quinone occurs with the splitting of the aromatic ring and the formation of cis, cis-muconic acid. This process probably also occurs on the nanoceria surface with participation oxygen from the air. This is confirmed by the appearance of the νC=O band at 1732 cm −1 , which can refer to the monomer of cis,cis-muconic acid (Figure 2, Scheme 4) .
Based on the TGA data ( Figure 3a , Table 2 ), about 68.7% of the total number of CA molecules on the surface decomposes during the second stage, probably as a result of the thermo-oxidative transformations of the CA phenolate complexes. In order to semi-quantitatively assess the relative content of various types of complexes, the integral intensities were calculated for the peaks of molecular ions of structurally related compounds with m/z 136 (3,4-dihydroxy-phenylethylene), 110 (pyrocatechol) and 94 (phenol). In addition, the deconvolution was used for decomposition the wide peak of the ion with m/z 136 for getting several Gaussians (R 2 = 0.9821) ( Figure 5 ).
The calculation showed ( Table 3 ) that about 52% of CA complexes are formed on the surface as a result of interaction with the phenolic groups, about 13% with one of phenolic group, about 39% with both of the ortho-phenolic groups (chelate phenolates), about 39% with the carboxyl group and about 10% via the H-bonded association. The preferential formation of the phenolate complexes of CA is confirmed by both of the TPD MS and the TGA data. It is probable that the surface of the nanoceria acquires reducing properties as a result of pyrolytic reactions in the absence of oxygen; this confirms the fact of desorption of molecular hydrogen (m/z 3 (H 3 + ), T max ≈ 540 • C) at temperatures above 400 • C (Figure 3c ). As a result, the pyrocatechol complex is reduced to form and desorb phenol in molecular form (Scheme 4, Figure 4b ). Under the conditions of the TGA experiment, this complex decomposes at a lower temperature as a result of the formation of 1,2-ortho-quinone, as evidenced by the appearance of the corresponding absorption band νC=O at 1666 cm −1 at temperatures above 170 • C (Scheme 4, Figure 2 ). It is known [57] that further deeper oxidation of 1,2-quinone occurs with the splitting of the aromatic ring and the formation of cis, cis-muconic acid. This process probably also occurs on the nanoceria surface with participation oxygen from the air. This is confirmed by the appearance of the νC=O band at 1732 cm −1 , which can refer to the monomer of cis,cis-muconic acid (Figure 2, Scheme 4) .
Based on the TGA data ( Figure 3a , Table 2 ), about 68.7% of the total number of CA molecules on the surface decomposes during the second stage, probably as a result of the thermo-oxidative transformations of the CA phenolate complexes. In order to semi-quantitatively assess the relative content of various types of complexes, the integral intensities were calculated for the peaks of molecular ions of structurally related compounds with m/z 136 (3,4-dihydroxy-phenylethylene), 110 (pyrocatechol) and 94 (phenol). In addition, the deconvolution was used for decomposition the wide peak of the ion with m/z 136 for getting several Gaussians (R 2 = 0.9821) ( Figure 5 ). 
Conclusions
The structure of CA complexes and their thermal evolution on the nanoceria surface was investigated using FT-IR spectroscopy at different temperatures. The thermal destruction of CA complexes chemisorbed through the -COOH group proceeds via decarboxylation reactions, producing of 3,4-dihydroxy-phenylethylene. Surface complexes through the phenolic groups produce various compounds: acetylene carboxylic acid and aromatic compounds (pyrocatechol, phenol). The calculation showed ( Table 3 ) that about 52% of CA complexes are formed on the surface as a result of interaction with the phenolic groups, about 13% with one of phenolic group, about 39% with both of the ortho-phenolic groups (chelate phenolates), about 39% with the carboxyl group and about 10% via the H-bonded association. The preferential formation of the phenolate complexes of CA is confirmed by both of the TPD MS and the TGA data. 
The structure of CA complexes and their thermal evolution on the nanoceria surface was investigated using FT-IR spectroscopy at different temperatures. The thermal destruction of CA complexes chemisorbed through the -COOH group proceeds via decarboxylation reactions, producing of 3,4-dihydroxy-phenylethylene. Surface complexes through the phenolic groups produce various compounds: acetylene carboxylic acid and aromatic compounds (pyrocatechol, phenol).
